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Key Points:

+ In our simulations the likelihood of El Nifio-like responses almost doubles after the
Pinatubo-size eruption

+ The Central Pacific El Nifios develop much stronger warming responses to the vol-
canic forcing than the Eastern Pacific El Nifios

+ El Nifio responses are highly sensitive to the seasonal timing of a Pinatubo-size erup-
tion
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Abstract

Observations and model simulations of the climate responses to strong explosive low-
latitude volcanic eruptions suggest a significant increase in the likelihood of El Nifio dur-
ing the eruption and post-eruption years, though model results have been inconclusive and
have varied in magnitude and even sign. In this study, we test how this spread of responses
depends on the initial phase of El Nifio-Southern Oscillation (ENSO) in the eruption year,
and on the eruption timing. We employ the GFDL CM2.1 global coupled general circula-
tion model to investigate the impact of the Pinatubo 1991 eruption, assuming that in 1991
ENSO would be in Central or Eastern Pacific El Nifio, La Nifia, or neutral phase. We obtain
statistically significant El Nifio responses in a year after the eruption in all cases except La
Nifia one, which does not show any response. The eruption has a weaker impact on the East-
ern Pacific El Nifios, than on the Central Pacific El Nifios. We find that the ocean dynamical
thermostat and wind changes due to land-ocean temperature gradients are the main feedbacks
affecting El Nifio development after the eruption, with the former being more important than
the latter. The sensitivity analysis suggests that the El Nifio responses to the volcanic erup-
tions occurring in summer can be more pronounced than for the winter and spring eruptions.
The fact that climate responses are dependent on the eruption season and the initial ENSO
phase (including different El Nifio flavors and strength) may help to reconcile the inconsis-
tencies among past studies.

1 Introduction

Volcanic radiative impacts are important climate drivers on multiple time scales [Robock,
2000; Stenchikov, 2009; Timmreck, 2012; Meehl et al., 2015; Timmreck et al., 2016]. Large
explosive volcanic eruptions inject sulfur-rich gases into the stratosphere [Newhall and Self,
1982; Schnetzler et al., 1997], where they get converted into sulfate aerosols [Turco et al.,
1983; Lamb, 1970; LeGrande et al., 2016]. These aerosols scatter light in ultraviolet and
visible spectra, absorb and scatter in the near-infrared, and absorb, scatter, and emit thermal
longwave radiation [Lacis et al., 1992; Hansen et al., 1997; Stenchikov et al., 1998], affect-
ing the energy balance of the planet. As a result, the global mean surface temperature cools,
and the lower stratosphere heats up [Minnis et al., 1993; Stenchikov et al., 1998; Rind and
Lacis, 1993; Turco et al., 1983; De Silva and Zielinski, 1998; Briffa et al., 1998; Santer et al.,
2014]. The associated redistribution of radiative heating directly impacts atmospheric circu-
lation [Rind et al., 1992; Stenchikov et al., 2006] and cools the ocean [Church et al., 2005;
Gleckler et al., 2006; Stenchikov et al., 2009; Otterd et al., 2010], producing global and re-
gional changes in the Earth’s climate system [Otterd et al., 2010; Fischer et al., 2007; Hay-
wood et al., 2013] and affecting the major modes of climate variability. Impacts of volcanic
eruptions on the North Atlantic/Arctic oscillation have been a subject of active research over
the past 15-20 years [Robock and Mao, 1995; Stenchikov et al., 2002, 2006].

The El Nifio-Southern Oscillation (ENSO) is one of the most important climate vari-
ability modes, which controls the climate not only in the equatorial Pacific [Soden, 2000] but
also impacts the entire globe [Bronnimann et al., 2007; Ineson and Scaife, 2009; Graf and
Zanchettin, 2012]. It perturbs the hydrological cycle [Soden, 2000], multidecadal biological
and bio-geochemical cycles of the ocean [Chavez et al., 2003; Yoder and Kennelly, 2003],
affects hurricane [Goldenberg et al., 2001; Gray, 1984; Vecchi et al., 2014] and tornado
[Lee et al., 2016] activity and precipitation patterns [Ropelewski and Halpert, 1987, 1996;
Ratnam et al., 2014; Jia et al., 2015]. ENSO causes an anomalous change in the air-sea in-
teraction in the equatorial Pacific every 2-7 years [Trenberth, 1997; D’Arrigo et al., 2005].
Choi et al. [2013, 2015] suggest that the positive (El Nifio) and negative (La Nifia) phases
are asymmetric in magnitude, and have different spatial-temporal appearance and intensity.
They also conclude that, generally, El Nifios occur randomly and often are caused by west-
erly wind bursts (WWBs), while La Nifas are more likely to occur immediately after strong
El Nifios. For this reason, it is generally easier to predict La Nifias than El Nifios. Although
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the predictability of warm events is low because of the high nonlinearity of the ENSO pro-
cesses and their high sensitivity to external forcing [Wittenberg, 2002; Collins et al., 2010;
DiNezio et al., 2012; Watanabe et al., 2012; Choi et al., 2013; Lee et al., 2014; Wittenberg
et al., 2014], accurate future projections of ENSO behavior are crucial to assess future cli-
mate risks [Vecchi and Wittenberg, 2010; Capotondi et al., 2015; Wittenberg, 2015; Guil-
vardi et al., 2016], and for societal decision-making [Cash et al., 2006].

Most of the largest eruptions of the 20th century occurred in El Nifio years - e.g., El
Chichén in April 1982, and Pinatubo in June 1991 (Figure 1). It was confirmed recently that
the Tambora eruption, which produced about three times more sulfur dioxide than Pinatubo
and caused the “Year without a summer" in 1816, was also accompanied by an El Nifo [Raible
et al., 2016]. The nature of these relationships is not well understood, but they have dramatic
consequences for the entire planet — thus it is important to better investigate the mechanism
of volcanic impacts on ENSO [Stenchikov, 2009; Li et al., 2011; Timmreck, 2012; Wittenberg
et al., 2014], which could explain some of its temporal modulation in historical and paleo
records, and shed light on its relation to the internal ENSO mechanisms [Emile-Geay et al.,
2008; Vecchi and Wittenberg, 2010; Emile-Geay et al., 2013; McGregor et al., 2013; Ogata
etal., 2013].

Given the brevity of in situ and satellite observational records, the actual volcanic forc-
ing impact on ENSO cannot easily be empirically determined. Studies based on the paleo
data [Adams et al., 2003; McGregor et al., 2010; Wahl et al., 2014; Li et al., 2013] detected
a remarkable shift in the tropical Pacific climatic conditions in post-volcanic years towards
an El Nifio-like state or a multi-year El Nifio. The direct effect of volcanic forcing cools the
surface; e.g. Li et al. [2013] emphasized the importance of tropical Pacific sea surface tem-
perature (SST) cooling shortly after the eruption. This cooling takes place prior to the devel-
opment of an extra El Nifio-like warming the year after an eruption. The physical interpre-
tation of this cooling is still under question. McGregor and Timmermann [2011] captured
this phenomenon using the Community Climate System Model (CCSM3), however, in their
study the amplitude of simulated cooling was overestimated, and the subsequent warming
was quantitatively inconsistent with temperatures inferred from proxy records.

In one of the first modeling studies on volcanic impacts on ENSO, Hirono [1988] sug-
gested that absorption of solar and terrestrial radiation by volcanic aerosols led to atmo-
spheric heating, which produced a wind anomaly that triggered an El Nifio event. This in-
teraction was further studied by Robock et al. [1995] with the help of an atmospheric general
circulation model (GCM) NCAR CCML1. Robock et al. [1995] calculated the effect of the El
Chichoén eruption and concluded that at the time of the eruption, the El Nifio in the Spring of
1982 was already underway, so it was not caused by the eruption; however, volcanic forcing
might have affected the El Nifio amplitude.

Mann et al. [2005] and Emile-Geay et al. [2008] studied volcanic impacts on ENSO,
using the simplified coupled atmosphere-ocean model of Zebiak and Cane [1987]. Emile-
Geay et al. [2008] performed large ensemble experiments testing the tropical Pacific re-
sponse to strong volcanic forcing. They found that only very powerful eruptions of more
than an order of magnitude stronger than Pinatubo could lead to a correlation between the
volcanic forcing and El Nifio and therefore affect El Nifio likelihood and/or magnitude. The
simplicity of the Cane-Zebiak model precluded a reliable quantitative determination of the
level of volcanic forcing needed for an ENSO response, leaving uncertain whether Pinatubo
was above or below this threshold. Both papers, however, suggested that strong volcanic forc-
ing affects ENSO and tropical Pacific climate via the ocean dynamical thermostat mechanism
[Seager et al., 1988; Clement et al., 1996].

Ohba et al. [2013] confirmed the findings of Adams et al. [2003] and McGregor et al.
[2010] using an interim version of the Model for Interdisciplinary Research on Climate (MIROC)
[Watanabe et al., 2010]. They investigated the sensitivity of ENSO to volcanic forcings of
realistic strength (1.5 x Pinatubo, and 0.5, 1.5 and 2 scaling of that value) as well as the back-



115

116

117

118

119

120

121

122

123

124

125

126

127

128

129

130

131

132

133

134

135

136

137

138

139

140

142

143

144

145

146

147

148

149

150

151

152

153

154

155

156

157

158

169

160

161

ground ENSO phase: neutral, positive and negative. They suggested that the ODT is not the
sole mechanism affecting the SST response; there is also a strong contribution of the atmo-
spheric response to the changes in the land-ocean temperature gradient in the Western Pacific
(WP).

The most recent studies on the topic [Pausata et al., 2015; Lim et al., 2015; Stevenson
et al., 2016] discussed a shift of the Intertropical Convergence Zone (ITCZ) as an alternative
mechanism of volcano-El Nifio interaction induced by a very strong (more than 15 W m™2),
asymmetric with respect to the equator radiative forcing.

Mabher et al. [2015] analysed the tropical Pacific climate state in the composite CMIP3
and CMIPS historical simulations after the five strongest eruptions. They also found a ten-
dency toward an El Nifio-like (La Nifia-like) SST response in the first (third) year after an
eruption. However, only a third of the examined models were able to simulate a realistic
ENSO [Kim et al., 2014; Kim and Jin, 2011].

Thus, the sensitivity studies conducted so far [Mann et al., 2005; Emile-Geay et al.,
2008; McGregor and Timmermann, 2011; Ohba et al., 2013; Lim et al., 2015] revealed that
simulation results are model dependent, and do not fully illuminate the mechanisms of vol-
canic impacts on ENSO.

Many studies [Ashok et al., 2007; Kug et al., 2010; Lee et al., 2014; Chen et al., 2015;
Capotondi et al., 2015; Chen et al., 2016] have highlighted the diversity of ENSO events,
mechanisms, and impacts. The Pinatubo eruption coincided with a moderate Central Pacific
(CP) El Nifio that lasted for about two years [Kessler and McPhaden, 1995], and the eruption
of El Chich6n was accompanied by a very strong Eastern Pacific (EP) El Nifio that behaved
differently from that in the Pinatubo case. Here we hypothesize that the initial ENSO state,
including the different El Nifio types, may play a key role in the tropical Pacific response to
volcanic eruptions. We focus on the following questions:

1. What causes the diversity of ENSO responses to Pinatubo-size volcanic forcing in
observations and model simulations?

2. What atmospheric and oceanic feedbacks tend to amplify or damp the ENSO re-
sponse?

3. How do ENSO responses and feedbacks depend on the preconditioning of the tropical
Pacific climate system?

4. How sensitive is ENSO to small perturbations, and how different might ENSO re-
sponses be to volcanic eruptions occurring at different times of year?

2 Methodology

To answer the above questions, we employ a global coupled ocean-atmosphere GCM,
CM2.1, developed by the Geophysical Fluid Dynamics Laboratory (GFDL) [Delworth et al.,
2006], which was used for the Coupled Model Intercomparison Project phase 3 (CMIP3)
and the IPCC Fourth Assessment Report (IPCC AR4), as well as in our previous studies on
the volcanic impact on atmospheric and oceanic circulations involving the Arctic Oscillation
and Atlantic Meridional Overturning Circulation [Stenchikov et al., 2006; Stenchikov, 2009;
Stenchikov et al., 2009].

2.1 Model Description

Here we briefly summarize the formulation of the CM2.1 global coupled GCM. Its at-
mospheric component [Anderson et al., 2004] has a horizontal grid spacing of 2° latitude by
2.5° longitude, with 24 vertical levels and a finite volume dynamical core [Lin, 2004]. The
land surface component [Milly and Shmakin, 2002] has the same horizontal resolution as the
atmospheric component. The ocean component [Griffies et al., 2005; Gnanadesikan et al.,
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2006] is implemented on a tripolar horizontal grid, with zonal spacing of 1°, and merid-
ional spacing telescoping from 1° at high latitudes to 1/3° near the equator. The ocean model
has 50 vertical levels, with 10 m spacing over the top 220 m. The ocean and atmosphere are
coupled every 2 hours. CM2.1’s tropical Pacific and ENSO simulation characteristics have
been extensively discussed [e.g. Wittenberg et al., 2006; Wittenberg, 2009; Kug et al., 2010;
Wittenberg et al., 2014; Karamperidou et al., 2014; Atwood et al., 2016; Chen et al., 2016].
While the simulated SST, winds, surface fluxes and oceanic subsurface temperature, do have
biases in some regions, they generally agree well with observations. Wittenberg et al. [2006]
and Wittenberg [2009] showed that CM2.1 captures the main aspects of tropical Pacific cli-
mate and ENSO. In addition, Kim and Jin [2011] showed that CM2.1 is one of the few mod-
els able to produce a stable, realistic ENSO under various external forcing perturbations.
Kug et al. [2010] and Capotondi et al. [2015] discussed CM2.1’s ability to successfully re-
produce realistic CP and EP El Nifio patterns, and frequencies (Table 1).

2.2 Experimental Setup

Generally, ENSO comprises El Nifio, La Nifia and neutral phases. However, El Nifios
can be of multiple types that can be split roughly into the CP and EP [Ashok et al., 2007; Kug
et al.,2010; Lee et al., 2014; Chen et al., 2015; Capotondi et al., 2015; Chen et al., 2016].
CP and EP El Nifio types are characterized by a distinct genesis. Observations show that
weak and moderate El Nifios mostly tend to be of the CP type, while the strong El Nifios
usually follow a canonical EP pattern [Rasmusson and Carpenter, 1982; Zheng et al., 2014;
Fang et al., 2015]. Kug et al. [2010] showed that the formation of the moderate El Nifio is
the product of zonal advection, while the strong El Nifio involves a greater role of vertical
advection. Chen et al. [2015] argued that chaotically generated WWBs play a key role in El
Nifo formation. WWBs occur sporadically during November (in the year before the event)-
May (in the year of the event) and strongly impact ENSO variability [Vecchi et al., 2006].
WWBs have been shown to play a role in triggering and amplifying El Nifio [Gebbie et al.,
2007; Zavala-Garay et al., 2008; Wittenberg et al., 2014; Atwood et al., 2016], as well as
affecting its type [Chen et al., 2015].

The development of a moderate El Niflo is initiated by WWBs that cause eastward ad-
vection of warm water towards the CP. Consequently, the SST gradient between the WP and
CP decreases, and results in a reduction of the easterly trade winds over the WP. This causes
CP SST warming via the Bjerknes feedback mechanism [Bjerknes, 1969] and further de-
creases the SST gradient. The resultant CP El Nifio onset slightly reduces the EP upwelling,
but does not shut it down completely, allowing some of the cold water to enter the coastal
region of the equatorial EP.

Strong WWBs frequently serve as forerunners of extremely strong El Nifio events, by
driving the multiple Kelvin pulses that accumulate warm water in the EP. Thus, an expanded
warm pool develops early in September-October of the El Nifio year, and peaks in the boreal
winter near the eastern boundary, almost completely shutting down the equatorial upwelling.
The related westerly wind anomaly is greater for EP than CP El Nifios, due to a stronger re-
sponse of the pressure gradient. CM2.1 generally captures well all these features, however,
Wittenberg et al. [2006] noted that in CM2.1 westerly wind anomalies formed due to the
Bjerknes effect are located further west than in the real world.

In our simulations, we examine the impact of Pinatubo forcing on different El Nifios,
which tend to peak around December of 1991, coinciding with the peak in the Pinatubo vol-
canic forcing that develops half a year after the eruption. Below we refer to 1991 as the year
of eruption, and 1992 and 1993 as the first and the second years after the eruption, respec-
tively.

Having noted the above differences in amplitude, spatial pattern and genesis of the CP
and EP El Nifios, it is important to study the different ways in which EP and CP El Nifios re-
spond to an eruption. We consider a complete set of initial conditions (ICs) to roughly cover
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the possible initial ENSO phases that could occur in the year of an eruption. We do not sug-
gest a causal relationship between volcanic eruptions and ENSO at the time of eruption; in-
stead, we assume that the eruption could happen in either neutral ENSO, El Nifio (CP or EP),
or La Nifia conditions, which occur with different probabilities (see Table 1). We then exam-
ine the evolution of the volcanically perturbed ENSO probability distribution, relative to that
of unperturbed or infinitesimally perturbed simulations.

In order to simulate the volcanic perturbation, we prescribe the Pinatubo aerosols’ op-
tical properties according to Stenchikov et al. [2006, 2009] using optical depth from Sato
et al. [1993]. This volcanic dataset provides zonally averaged monthly mean spectral de-
pendent aerosol extinction, single scattering albedo, and an asymmetry parameter which are
required to conduct radiative transfer simulations within CM2.1. The experimental design
allows the corresponding ENSO conditions to freely develop before the eruption, exactly as
in the present-day control run, and then the Pinatubo forcing is applied in June 1991. The
control and perturbed runs first diverge in mid-May 1991, because the monthly mean aerosol
characteristics are interpolated between the months.

We conducted four sets of control (CTR, without volcanic aerosols) and perturbed
(PRT, with volcanic aerosols) experiments with neutral ENSO, La Nifia, CP El Nifio, and EP
El Nifio occurring in the first year of each control experiment (see Table 2). The 10-member
ensembles starting from different ICs are calculated for each experiment to better represent
the natural variability of the climate system. To increase the signal-to-noise ratio, we con-
duct ensemble averaging for all experiments and further present our results using ensemble
means, and use the spread within an ensemble to calculate the statistical significance. We im-
plement three methods of calculating anomalies. Based on the climatology (CLM) computed
from the present-day control run, using monthly averages over the middle 100 years, we cal-
culate the control and perturbed anomalies by subtracting the climatology from the control
and perturbed runs, respectively. CTR-CLM represents a pure ENSO signal, and the differ-
ence PRT-CTR (that we prefer to call “response") shows the ENSO response to the volcanic
forcing, as the “control ENSO" effect is removed. Statistical significance of the ensemble
mean differences is computed using a two-tailed Student’s t-test at the 0.05 significance level.

We start each ensemble simulation from January 1, 1991 with the coupled atmosphere-
ocean IC extracted from the 300-year present-day control run conducted by Delworth et al.
[2006] using 1990 forcing. The ENSOs present in this run were categorized by their strength
and associated spatial pattern according to the threshold values of the boreal winter NINO3.4
index. The chosen ENSOs are then combined into 10-member control ensembles of neutral
ENSO (with max Nifio3.4<0.15 K), CP El Nifio (with max Nifio3.4 index range 1.4 - 1.8 K),
EP El Nifio (with max Nifio3.4 index range 3.4 - 4.7 K), and La Nifia (with min NINO3.4<-
1 K) named NTE, CPE, EPE, and LAN ensembles, respectively. Figure 2 shows control
10-member ensemble mean land and sea surface temperature (further referred to as “surface
temperature") and wind stress anomalies, and total precipitation, in December of 1991 for all
experiments.

2.3 Observational Data

For calculations of the observed Niifio 3.4 index (Figure 1), we use monthly mean SSTs
from the NOAA Extended Reconstructed SST (ERSST) V4 dataset [Huang et al., 2015]. The
data have a spatial resolution of 2° latitude by 2° longitude, and cover January 1854-present.
The climatology is computed as monthly averages from the data for years 1880-2000. Fig-
ure 1 shows Nifio 3.4 indexes for ElI Chichén (1982) and Pinatubo (1991) eruptions, which
behave quite differently. The El Nifio of 1982 is stronger than that of 1991 but terminates
sooner. 1982 El Nifio is followed by a La Nifia phase, while the weaker and longer El Nifio
of 1991 is followed by a prolonged El Nifio-like warming.
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The observed ENSO frequencies (Table 1) are calculated using the ERSST V4 dataset
for the period 1980-2010. The CP EI Nifio events are identified following Pascolini-Campbell
et al. [2015].

3 Results

Imposing the prescribed volcanic aerosols in the model results in a reduction of the
shortwave (SW) radiation reaching the surface. The longwave (LW) effect of volcanic aerosols
at the surface is relatively small and insignificant [Stenchikov et al., 1998]. Figure 3 repre-
sents the time evolution of the 10-member ensemble mean (PRT-CTR) all-sky net (down -
up) surface SW radiative flux response, averaged globally and over the tropical belt (20°S-
20°N) for NTE, CPE, EPE and LAN ensembles. Net SW radiative surface response in
the tropics reaches a maximum of -5.5 W m2 in the fall of 1991, as the S 0O, mass conver-
sion e-folding time is about 35 days, and the aerosol layer fully develops by then [Stenchikov
et al., 1998]. A maximum global net SW radiative surface response of -3 W m™ is reached
six months after the eruption, because of the interaction of conversion and transport pro-
cesses. In the CPE and EPE experiments, we see a weaker forcing in the winter of 1991 that
is associated with an increase in cloudiness. In all experiments, the volcanic radiative effect
is present for more than two years, and is quite similar in the different ensembles, although it
exhibits some incoherent fluctuations among different cases.

Figure 4 depicts the global and tropical mean surface temperature responses (PRT-
CTR) to the volcanic forcing. Half a year after the eruption the surface temperature decreases
by about 0.4 K globally, which is in a good agreement with observations and other modeling
studies [Dutton and Christy, 1992; Hansen et al., 1992; McCormick et al., 1995; Soden et al.,
2002]. The surface temperature relaxes slowly because of the high thermal capacity of the
ocean. According to Stenchikov et al. [2009] it takes about a decade for the atmosphere and
upper ocean system to equilibrate (not shown). In the tropics, the surface temperature fluctu-
ations are higher and depend on the initial ocean state, demonstrating warmer anomalies in
comparison with the global ones in the NTE and CPE cases during 1992 and beginning of
1993.

Figure 5 shows the 10-member ensemble mean perturbations of the Nifio 3.4 indexes.
Red curves show the isolated effect of the volcanic forcing on ENSO. The Pinatubo volcanic
forcing causes a statistically significant increase of the Nifio 3.4 index in summer 1992 in
the NTE and CPE ensembles. The NTE ensemble transforms into a moderate-to-weak El
Nifio-like warming in the second winter after the eruption that lasts more than a year (Figure
5a); and in the CPE 10-member ensemble mean, El Nifio extends for an extra year (Figure
5b). Distinctively, in the EPE ensemble the El Nifio weakens in winter of 1991, and is fol-
lowed by less of a prolongation of El Nifio than in the NTE and CPE cases (Figure 5c). The
LAN ensemble does not show any notable changes (Figure 5d), and for this reason we do not
show the LAN responses further.

3.1 Volcanic impacts at different ENSO phases

Figure 6 displays Hovmoller diagrams of SST, zonal wind, net energy and all-sky net
(down-up) shortwave fluxes at the surface, latent heat flux, and total cloud amount responses
(PRT-CTR) for the NTE, CPE, and EPE ensembles. Shortly after the eruption, the equa-
torial Pacific region is subject to a strong SW radiation reduction (Figure 6a,i,q). The uni-
formly distributed clear-sky radiative forcing is modulated by clouds. All-sky radiative forc-
ing drives climate changes and could itself cause about 0.3 K global SST cooling [Stenchikov
et al., 2009].

The land initially cools faster than the ocean, and the associated land-ocean temper-
ature gradient (LOTG) both in the WP and EP generates zonal wind anomalies, which, in
turn, affect ocean temperature in the initial stage of the process [Ohba et al., 2013]. The
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ocean dynamical thermostat (ODT) mechanism [Seager et al., 1988; Clement et al., 1996]
comes into play later, as the ocean responds more slowly to the radiative forcing. ODT mech-
anism triggers non-uniform SST changes in the equatorial Pacific due to a differential ocean
response to the spatially uniform radiative forcing. The efficiency and duration of these
mechanisms depend on the background ocean state, therefore ENSO responses appear to be
different for different ICs (Figure 5).

3.1.1 NTE ensemble

Figure 6¢ shows that in the NTE case during the first three months after the eruption,
the LOTG (PRT-CTR) in the WP is stronger than in the EP because the EP ocean surface and
nearby land areas in the background state are cold (Figure 2a). The developed WP LOTG
decreases the trade winds in the WP (Figure 6¢) west of 140°E. This westerly wind anomaly
allows more warm water to advect eastward and favors WWBs. Both effects (enhanced west-
erlies and WWBs) are usually important forerunners of an El Nifio event. However, because
of the land’s low thermal capacity, this LOTG mechanism is short-lived and lasts for 2-3
months until the ocean temperature adjusts to the forcing.

The SST changes are further supported by the ODT mechanism. Specifically, in Figure
6b we see a significant WP SST reduction starting in October of 1991, while the EP SST
remains unperturbed. Such a spatially varying response of the ocean surface to a uniform
atmospheric forcing is due to the zonal gradient of the upwelling which is strong in the EP
and regulates the SST there. Cooling of the WP SST increases sea level pressure (SLP) in
the WP, enhances westerly wind anomalies, and results in a further reduction of the easterly
trade winds (Figure 6c¢). This activates the Bjerknes feedback [Bjerknes, 1969] and leads to
a positive SST anomaly in the EP (Figure 6b). It is important to note that the relatively weak
El Nifio-like SST response in the NTE case does not shut down the upwelling (Figure 2a),
and therefore the ODT mechanism is functioning throughout the period of volcanic forcing.

Although the wind feedback is controlled by the ODT mechanism, it is also intensified
by the eastward shift of the deep convection (Figure 6g), which tends to follow the warmest
SSTs as explained in detail in Choi et al. [2015].

To evaluate the effect of the surface energy balance change we calculate the net energy
flux NF = SW + LW + SH + LH, where SW is the net (down-up) shortwave flux, LW is
the net (down-up) longwave flux, SH is the sensible heat flux, and LH is the latent heat flux
at the surface. The net energy flux is negative in the areas with positive SST anomaly, thus
tending to damp them. Figure 6d,e,f shows that the all-sky surface radiative and LH fluxes
in the first and second years after the eruption mostly work towards relaxation of the SST
anomalies. The main contributors to the net energy flux anomaly are the SW and LH fluxes
(see Figure 6e,f). The presence of clouds in the tropical Pacific changes the distribution of
the incoming solar radiation: the all-sky SW anomaly is negative (positive) over the warmer
(colder) ocean areas as the warmer (colder) ocean favors an increase (decrease) of convection
and clouds - indicating that the SST anomalies are partly driven by changes in overshooting
deep convection. LH flux also responds to the SST changes, and mostly works to damp SST
anomalies. Compared to SW and LH fluxes, the effect of the LW and SH on the net energy
flux changes is small.

3.1.2 CPE ensemble

In the initial stage associated with the fast land cooling after the eruption, Figure 6j
shows, in contrast with the NTE ensemble, a weak negative surface temperature anomaly in
the EP for the CPE ensemble. This is because the LOTG mechanism develops not only in
the WP but also in the EP, since the control EP SST and nearby land are warmer than normal
(see Figure 2b) despite the maximum SST is in the CP, thus enhancing westerly (easterly)
wind anomaly in the WP (EP) (Figure 6k). This causes an eastward transport of warm water
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in the WP and intensification of the upwelling and cooling SST in the EP. As in the NTE
ensemble, this effect is short-lived. In the WP the net-flux cooling of ocean in 1991 (Figure
6l) turns on the ODT mechanism [Seager et al., 1988; Clement et al., 1996] starting from
October 1991. Due to the CP position of the warm pool in the CPE case, the upwelling is
partially suppressed, but still functions. Therefore, the ODT mechanism is slightly weaker
in the CPE case than in the NTE case, but still is relatively long-lasting. The positive SST
anomalies survive until the end of 1992, slightly shorter than in NTE case. As in the NTE
ensemble, an eastward shift of deep convection (Figure 60) enhances the response.

The westerly wind anomaly developed on the WP SST gradient pushes the equato-
rial Pacific towards the El Nifo-like conditions (as in the NTE case) and warms the EP SST
(Figure 6j,k). The volcanically induced warming in the EP finally shuts down the upwelling
and thus ceases the ODT in February of 1993. As in the NTE case, the cloudiness and net
surface energy fluxes tend to relax positive SST responses (PRT-CTR) since May 1992.

According to the observational study by Li ef al. [2010], at the time of the Mt Pinatubo
eruption the moderate CP El Nifio of 1991 also converted from CP to EP type in 1992, simi-
lar to what we find in our CPE simulations.

3.1.3 EPE ensemble

The SST and atmospheric responses of the EPFE case significantly deviate from those
of the CPE and NTE cases. A much more pronounced EP cooling that starts soon after the
eruption and lasts for more than half a year is a distinct feature of the EPFE response (Fig-
ure 6r). A newly-developed zonal SST gradient enhances the trade winds in the CP (Figure
6s), further the upwelling and facilitating a prompt expansion of the negative SST anomaly
to the CP in October 1991 - February 1992. At the same time, similar to the NTE and CPE
cases, the westerly wind anomaly develops in the WP initially due to LOTG mechanism and
later due to ODT mechanism. This gradually leads to a relaxation of the negative temper-
ature anomaly in the CP and EP causing a positive SST anomaly in May-September 1992.
Because of the weak ODT in the EPE case, due to the upwelling shutdown, the westerly
wind anomaly is short-lived and vanishes by the end of summer 1992 (Figure 6s). Thus, the
El Nifio-like signal is shorter than that in the NTE and CPE cases.

The cloud cover in the EPE case is the broadest among all the cases, but it responds
relatively moderately, except for a strong decline in EP and CP in 1991 (Figure 6w). Due to
the EP SST cooling in the second half of 1991, both the deep convection zone and cloudiness
anomaly decline in EP (Figure 6w). In the first half of 1992 the colder EP SST leads to the
westward shift of convection and precipitation, reducing the amount of clouds in the EP, and
increasing downward SW radiation (Figure 6u). Generally in all cases, the SW flux mainly
responds to cloud changes, which (clouds) increase where SST warms and decreases where it
cools, and effectively damps SST anomalies (Figure 6e,m,u).

To summarize, we consider the ocean heat content anomaly (Figure 6h,p,x), which
is a more conservative quantity than SST, and is less affected by the direct surface cooling
caused by volcanic radiative forcing. Figure 6h,p,x show the response (PRT-CTR) of the top
300 m ocean heat content of the 2°S-2°N averaged equatorial Pacific region. It demonstrates
roughly the same effects, discussed above in Sections 3.1.1 and 3.1.2 using SST changes as
diagnostics, but more clearly defines the termination of different development phases. By
means of LOTG and ODT mechanisms in the NTE and CPE 10-member ensemble means,
positive anomalies of the ocean heat content extend to the end of 1992 and 1993, respec-
tively. In both cases, the ODT effects are evident until the end of the warming phase. In the
EPE case, we see a significant negative ocean heat content anomaly that lasts until the end
of 1991.

Because the strong background El Nifio warms SSTs in the EP already at the time of
eruption and later on (see Figure 2c), the sea and land surface temperatures near the South



410

411

412

413

414

415

416

417

418

419

420

422

423

424

425

426

427

428

429

430

431

432

433

434

435

436

437

438

439

440

441

442

443

444

445

446

447

448

449

450

451

452

453

American continent are much higher in the EPE than in CPE and NTE cases. When the
land surface temperature in the EP decreases after the eruption, the EP LOTG is stronger
than in NTE or CPE cases due to the anomalously warm coastal waters. However, because
of land’s low thermal capacity, LOTG effect should be short-lived as in NTE and CPE
cases, and cannot maintain the negative temperature anomaly for the half a year after the
eruption (Figure 6r). This is further clarified in Sections 3.3 and 3.4.

3.2 Ocean Heat Budget

To better understand the interplay of different processes and compare their contribu-
tions in changing the mixed layer temperature and heat content, we analyze the ocean mixed
layer heat budget using the equation for mixed layer temperature from Stevenson and Niiler
[1983] and Huang et al. [2010] to calculate monthly mean ocean temperature tendencies:

dTa Ta - TH 8Ta aTa QNF
dt T

Ug—— —V +
H “ox “dy pCpH

+ QRes

where T,, u, and v, are the temperature, zonal and meridional currents; subscript a de-
notes the quantities vertically averaged between surface and the bottom of the mixed layer

at H=50 m; Ty and wp are the temperature and ocean vertical velocity at H=50 m, QnF is
net energy flux, p=1029 kg m™ is the seawater density, C,=3990 J K'! kg'! is the specific
heat capacity of seawater at constant pressure. First term in the right side of the Equation (1)
denotes the thermocline and ODT effect, the second and third terms are zonal and meridional
advection contributions, the fourth term is heating/cooling caused by the net energy flux,
ORes is the residual term, which includes vertical diffusion and subgrid mixing.

Each element of the heat budget was integrated over the narrowed Nifio3 + Nifio4 re-
gion (2°S-2°N 160°E-90°W) for perturbed and control ensembles, and the difference be-
tween them is presented in Figure 7. The results are shown for five half-year periods: a) July-
December 1991; b) January-June 1992; c) July-December 1993; d) January-June 1993, e)
July-December 1993.

During period a (Figure 7a), the mixed layer responds to the radiative cooling and
change of the surface wind stresses developed due to the increased LOTG and slowly de-
veloping ODT. The upper ocean warms only for NT E, while the strongest cooling happens in
EPE due to zonal and meridional advection developed in the EP.

Figure 7b shows the important stage of strengthening of the El Nifio-like response due
to the volcanic impact. Period b in the control CPE and EPE ensembles corresponds to de-
cay of El Nifio. However, due to the strong ocean dynamical response to the volcanic forc-
ing, an intense warming is observed in all cases even though the surface fluxes tend to damp
the temperature anomalies. In the NTE and CPE cases the zonal and meridional advection
and thermocline feedbacks contribute to this warming, so the mechanisms in both cases look
similar. In contrast, the EPE warming is mostly caused by the thermocline effect. The zonal
and meridional advections are also involved in this warming, though at a smaller rate.

During period ¢, in all cases the “fringe" El Nifios enter a decay phase, which is the
fastest in the EPE ensemble due to a fast transition from a strong El Nifio into a strong La
Nifia, mostly caused by upwelling of anomalously cold water due to arrival of a negative
Kelvin wave.

During period d, the CPE cooling is caused by weak effect of the thermocline shallow-
ing and strong zonal advection feedback. The NTE case reaches the final relaxation state at
a later time than CPE (period e) by means of the almost equal contributions of the thermo-
cline and zonal advection feedbacks.
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3.3 Initial ENSO responses in period a

The initial stage of ENSO response (period a in Figure 7) is characterized by compe-
tition of LOTG and ODT mechanisms, and reveals drastic differences between the EPE and
NTE/CPE SST responses. To better demonstrate the onsets of the LOTG and ODT mech-
anisms and differences in the SST evolution in NTE, CPE and EPE cases, in Figure 8§ we
show maps of the monthly 10-member ensemble mean responses (PRT-CTR) of surface tem-
perature and wind stress for all experiments for July-December of 1991. The left column of
Figure 8 corresponds to the NTE experiment, the middle to the CPE, and the right to the
EPE. In all cases, the land mass cooling is present in Australia and the Americas, although
it is partially opposed by advection of warm air from the ocean as happens in the NTE in
July and November, in CPE in July, and in EPE in August, November, and slightly in Octo-
ber 1991.

In the NTE and C PE ensembles, both WP and EP LOTG effects on equatorial (5°S-
5°N) wind stress are seen in August-September. The WP SST cooling onset associated with
the ODT mechanism takes place in October and November 1991 in CPE and NTE exper-
iments, respectively, and develops westerly wind stress anomaly in the WP and CP (Figure
8d,e.j,k).

In the EPE experiment, we see the strong off-land wind stress anomalies in July 1991
(Figure 8m). The significant SST cooling of the EP starts from August 1991 (Figure 8n).
This SST cooling is so strong that it initiates a significant positive feedback of the wind stress
in the CP in September-December, and continues to expand westward (Figure 8o-r). At the
same time, the ODT mechanism turns on in October 1991 (Figure 8p). As we mentioned
earlier, the strong EP cooling in the EPE case cannot be fully explained by only LOTG and
ODT mechanisms. Our working hypothesis is that this ocean cooling is partially caused by
the predominant weakening of the strong El Nifios in the perturbed EPE ensemble. This ef-
fect was discussed by Wittenberg et al. [2014] and based on the asymmetry of a strong El
Nifio response probability distribution function. It essentially means that a very strong El
Nifio disturbed by any perturbation more probably leads to an outcome of a weaker El Niflo.
To better quantify this effect, a specific set of sensitivity experiments are conducted and ana-
lyzed in the Section 3.4.

3.4 Sensitivity of El Niiio response to small perturbations

Wittenberg et al. [2014] demonstrated that El Nifio is very sensitive to the small per-
turbations that limit its predictability. In their simulations, a slight perturbation of ICs at the
beginning of a calendar year drastically affected the El Nifio later in the year and onwards.
Stricken by the IC change, the sporadically developing WWBs stochastically impacted the
amplitude of El Nifio and were even able to reverse the ENSO phase with respect to the
unperturbed case. At first glance, this contradicts our observation of a statistically signifi-
cant ENSO response to volcanic forcing in the EPE and CPE ensembles, and has to be ex-
plained. In addition, this stochastic behaviour could be useful to understand the initial stage
of the EPE ensemble development, as the stochastic component of the response might be
responsible for the initial drastic cooling in the EPE case, as we hypothesized in Section 3.3.

Therefore, in this section we specifically test the sensitivity of the El Nifio response to
small perturbations in the control and perturbed runs. We use a single IC, which results in a
strong EP El Nifio in the first year of the simulation (Figure 9, black dashed line). We name
this control simulation CT Ry. The perturbations are introduced by a small radiative forc-
ing that is generated imposing the Pinatubo aerosol extinctions [Sato et al., 1993; Stenchikov
et al., 2009] multiplied by a factor e, where @ spans from 0.001 to 0.05 with a step of 0.001.
The corresponding SW radiative forcings scale proportionally. We apply these small pertur-
bations in the control runs with zero background volcanic forcing and in the perturbed runs
on the top of the full-scale Pinatubo forcing. In both perturbed and control runs, the small
forcing is imposed at the beginning of 1991 (in our case in February), as in Wittenberg et al.
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[2014], and in June, at the time of Pinatubo eruption. We assume that forcing imposed early
in the year has more time to “damage" the control El Nifo, than that imposed in June.

In order to evaluate the spread of responses to these small perturbations, we calcu-
late two sets of 50-member “perturbed control" and “perturbed Pinatubo" ensembles, named
CTREeP, CTRIU", PRTF P, PRTJ"", respectively (see Table 2). Thus, in “June" cases we
preserve the control El Nifio until the time of a perturbation, so the control El Nifio devel-
ops unaffected until a perturbation is imposed. In “February" cases, the El Nifio is actually
affected since January, due to time interpolation of the prescribed volcanic optical depth.

Figure 9 compares the changes of Nifio 3.4 index in all four ensembles forced by «
perturbations imposed in February (upper panel) and in June (lower panel) at the time of
Pinatubo eruption. Perturbations imposed in February lead to a drastic change of the Nifio 3.4
index, almost completely suppressing the strong EP El Nifio in most members of the CTRE eb
and PRTF b ensembles, while the June perturbations in CTR*" runs disturb the El Nifio
only slightly. The ensemble average in PRT/“" runs repeats the main features of the Nifio 3.4
response, revealed in Figure 9c that confirms statistical stability of our 10-member ensemble
ENSO responses.

Thus, the small a perturbations imposed in June do not have enough time to grow
and affect the ENSO phase in the current and next year. Although the variability inside the
CTR!"" ensemble grows in the third year, the ensemble mean still captures the El Nifio tra-
jectory fairly well. However, the February perturbations change ENSO drastically. Exper-
iments conducted imposing disturbances in different months (not shown) suggest that the
signal-to-noise ratio in case of winter and spring eruptions is smaller than in the case of sum-
mer and fall eruptions, i.e. the ENSO response to eruptions like El Chich6n or Tambora in
April (apart from the response dependence on the magnitude of an eruption) could be less
pronounced than that of Pinatubo which happened later in the year. This finding is consistent
with the concept of “ENSO spring predictability barrier", which suggests that the persis-
tence of El Nifio is lower during the late boreal winter and spring, while it increases start-
ing in June. McPhaden [2003] examined this concept in the observations and Levine and
McPhaden [2015] confirmed it using the simplified conceptual model, while our study finds
the behavior consistent with this concept in the coupled Ocean-Atmosphere GCM.

Another interesting feature in Figure 9 is a decrease of the Nifio 3.4 index in both
CTR’“" and PRT“" ensembles with respect to the CT Ry at the peak of El Nifio in November-
December 1991. This effect is directly related to the drastic SST cooling in the EPE case
shown in Figure 8 and discussed in Section 3.3. It is also consistent with the results from
our 10-member ensemble (Figure 5c). To clarify this issue, in Figure 10 we present 50-
member ensemble mean monthly surface temperature anomalies calculated from PRT“"
and CT RJ“" experiments with respect to CT Ry, and their difference (PRT“" - CTRI*™).

The idea is to split up the “perturbed Pinatubo" (left column) response into the stochastic
(middle column) and the forced deterministic volcanic (right column) components.

Black dots in Figure 10a-f,g-1 (left and middle columns) show the areas where the
CTR, surface temperature is below the 10th percentile or above the 90th percentile of the
PRT({ “n (left column) and C TR(JY“” (central column) ensembles, respectively. We choose
to use percentiles here because the probability distributions of both PRT/“" and CT RJ“"
ensembles are skewed as discussed above. In Figure 10m-r (right column) black dots show
statistically significant PRT“"-CT R]*" surface temperature anomalies at the 0.05 signifi-
cance level, calculated using a two-tailed Student’s t-test, as their probability distribution is
close to normal.

The magnitude of the stochastic response in the EP is evident in Figure 10g-1 (central
column) that shows an unforced ensemble anomaly. The anomaly is predominantly negative
in the equatorial region suggesting a shift to weaker El Nifios.
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The volcanically induced SST cooling with the stochastic component removed (see
Figure 10m-r) is statistically significant and reaches more than 1 K in the equatorial region.
The “deterministic" SST cooling (Figure 10m-r) is greater than the stochastic cooling caused
by the small forcing (Figure 10m-r).

In order to better separate the radiative and dynamical feedbacks in July-December
1991, we performed the ocean heat budget analysis using differences of PRT“" and CT RJ*"
ensembles (i.e., removing stochastic component of the response) as described in Section
3.2 but for two 3-month intervals. Figure 11 shows that during the first three months (July-
September, 1991) of the radiative cooling, the zonal and meridional advection along with the
thermocline feedbacks strengthen the cooling in the EP. Starting from October 1991 the ODT
overwhelms this, and, despite the intensified radiative cooling, the mixed layer warms due to
thermocline and zonal advection feedbacks.

4 Discussion and Conclusions

This research article focuses on the mechanisms of the response of ENSO to the Pinatubo-
size volcanic forcing and aims to reconcile apparent inconsistencies in previous studies [Mann
et al., 2005; Emile-Geay et al., 2008; McGregor and Timmermann, 2011; Ohba et al., 2013].
Using a coupled ocean-atmosphere model CM2.1, we simulate the climate impact of a Pinatubo-
type eruption in neutral ENSO, CP and EP El Nifio, and La Nifia years. We show that the
initial ENSO phase, El Nifio amplitude and type, and the seasonal timing of the eruption af-
fect the climate and ENSO responses to volcanic forcing. We find that the eruption causes
different climate responses in CP and EP El Nifio years, and we study the sensitivity of the
volcano-induced ENSO response to small perturbations, illuminating the contributions of
stochastic and deterministic responses to volcanic radiative forcing.

The main results can be summarized as follows:

4.1 ENSO Response

The Pinatubo-size volcanic impact leads to a formation of an El Nifo-like response
in the first year after the eruption in the neutral ENSO years, and strongly prolongs moder-
ate CP El Nifios. The EP El Nifio weakens due to a combined effect of the enhanced LOTG
mechanism and the ENSO stochastic response, and its termination is delayed. The ENSO
in La Nifa years is largely insensitive to volcanic forcing in CM2.1. The absence of any La
Nifia response is caused by a weak LOTG mechanism due to the anomalously cold equato-
rial SST, and suppressed ODT mechanism because of the weak zonal upwelling gradient in
the entire equatorial Pacific. This effect might be exaggerated by the CM2.1, as it tends to
expand upwelling further west in comparison with observations.

4.2 Deterministic Mechanisms

The LOTG mechanism described by Ohba et al. [2013] as the main driver of the ENSO
response to the volcanic forcing is also at work in the CM2.1. However, we find it to be rel-
atively short-lived and work only for the first 2-3 months after the eruption, being the fore-
runner of the further dynamical responses. Depending on the ENSO phase, it enhances wind
anomalies in the WP and/or EP. During the response of neutral ENSO or CP El Niflo, the
WP westerly wind anomaly dominates and causes an El Nifio-like warming in the perturbed
experiments. In the response of the EP El Nifio the EP easterly wind anomaly prevails, al-
though it is not fully related to the LOTG mechanism. Taking into account the findings of
Wittenberg et al. [2014] and using the “perturbed forcing" technique, we found that the total
response during the first six months after an eruption is a combination of the stochastic and
volcanic components.
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The ODT mechanism of Clement et al. [1996] takes over after the LOTG in October-
November 1991. ODT maintains a deterministic El Nifio-like response for a year in the CP
El Nifio case and almost two years in the neutral ENSO case. In the EPE case the ODT
mechanism appears to be shorter-lived, and initiates only short-term SST warming.

4.3 Stochastic Mechanisms

Wittenberg et al. [2014] indicated the high sensitivity of El Nifios to small perturba-
tions that highly diminishes their predictability. In particular, our sensitivity analysis sug-
gests that the response of the strong EP El Nifio contains both stochastic and deterministic
components. The role of the stochastic component is large if small perturbations are imposed
at the beginning of the year, but decreases if disturbances are imposed later in the year. Be-
cause the Pinatubo eruption occurred in June, the deterministic part of the EP El Nifio re-
sponse prevails over the stochastic one. This suggests that the timing of a volcanic eruption
is important for the El Nifio response. The EP El Nifio responses to volcanic eruptions oc-
curring in the winter-spring are more contaminated by a stochastic response than those oc-
curring in summer-fall. Therefore, the spring eruptions such as El Chichén and Tambora are
less likely to produce a clean impact on strong EP El Nifios than Pinatubo, which occurred
in June. In this context, the conclusion in Robock et al. [1995] that the huge “El Nifio of the
century" in 1982 after the El Chichén eruption could not be significantly influenced by the
volcanic forcing, as it was already in the development phase at the time of eruption, might be
questioned.

4.4 Consistency With Other Studies and Observations

Our results are consistent with the findings by Ohba et al. [2013] in terms of develop-
ment of an El Nifio-like response in the first year after a Pinatubo-size eruption. However,
they did not consider the different types of El Nifio. Also the La Nifia in the CM2.1 does not
show a tendency toward warmer ocean conditions after the eruption, unlike in the MIROCS5i
model used by Ohba et al. [2013].

The responses of different El Nifio types - CP and EP in our study - are consistent,
even quantitatively, with the ERSST observational data displayed in Figure 1 and discussed
in Li et al. [2010] and Wahl et al. [2014]. The recent observations show that the strong EP
El Nifio at the time of the El Chichén eruption was comparatively short and followed by a La
Nifia, while the moderate CP El Nifio during the Pinatubo eruption lasted longer and trans-
formed from the CP into the EP type in the second year after the eruption, as predicted in our
simulations. In fact, the La Nifia-like response often follows the El Nifio-like perturbation
[Maher et al., 2015], but we cannot fully address it in this paper, as we focus on the immedi-
ate post-eruption period. The induced La Nifia-like response will be a subject of a different
study.

As Pinatubo-size volcanic impacts in neutral ENSO and CP El Nifio years lead to El
Nifio like responses in at least the first year after an eruption, the frequency of El Nifio con-
ditions in this year might reach 0.65 (see Table 1: NTE + CPE). This is consistent with the
paleo analysis that suggests doubling of the probability of warm EP SSTs in the post-eruption
years in comparison with the model climatology (0.27, see Table 1: CPE + EPE).

4.5 Recommendation for Further Analysis

Thus, the entire spatio-temporal evolution and associated physical mechanisms differ
from case to case, and reveal a notable sensitivity of the volcanic response to the magnitude
and shape of an ENSO event that otherwise would have developed in the unperturbed case.
This might partially explain the spread of different model results, as simulations in different
studies have been conducted for different initial ENSO phases. Moreover, many up-to-date
models produce only one type of El Nifio, or produce unrealistically weak or too frequent
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ENSO cycles [Ham and Kug, 2012; Yu and Kim, 2010]. This intrinsic model behavior in-
evitably affects simulated ENSO sensitivity and may not be able to completely cover the full
set of possible onsets.

Thus, we suggest that when analysing the ENSO sensitivity to a volcanic impact in the
models and observations, special attention needs to be paid to the initial phase of ENSO at
the year of eruption and seasonal timing of the eruption. The previous studies did not take
into account that the composites of different initial ENSO phases, eruption timings, and es-
pecially multimodel composites could seriously contaminate the average ENSO response
signal [Meehl et al., 2015]. Moreover, as in a specific model one perturbs an intrinsic ENSO,
the results inevitably become model dependent, as different models generate different, and
often not adequate [Gabriel and Robock, 2015], ENSO cycles, so the meaningful composites
are very difficult to obtain.
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987 Table 1. Comparison of ENSO phase probabilities in the observational data and CM2.1 model output for
988 neutral ENSO, Central Pacific El Nifio, Eastern Pacific El Nifio, and La Nifa.

| | Neutral ENSO | CP ElNifio | EP El Nifio | La Nifia |
| Observations | 0.43 | 023 | o011 | 023 |
| cm21 | 0.49 | 016 | 008 | 027 |
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Table 2. Summary of the experiments used in Sections 3.1-3.3 and 3.4.

Name ENSO type ENSO Ensemble Pinatubo forcing Forcing start
strength members month
Sections 3.1-3.3
NTE CTR 10 x0 -
NTE PRT Neutral Neutral T < Tune
CPE CTR Central Pacific Moderate 10 x0 -
CPE PRT El Nifio 10 x1 June
EPE CTR Eastern Pacific 10 x0 -
- Strong
EPE PRT El Nifio 10 x1 June
LAN CTR e 10 x0 -
T AN PRT La Nifia Moderate 0 il Tine
Section 3.4
CTRy 1 x0 -
CTRE®® Eastern 50 x[0.001,...,0.05] February
PRTE®P Pacific El Strong 50 x[1.001,...,1.05] February
CTR{I“” Nifio 50 x[0.001,...,0.05] June
PRTI"™ 50 x[1.001,...,1.05] June
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990 Figure 1. Observed Niiio 3.4 index (K) response to El Chichén (red, top x-axis) and Pinatubo (green,
991 bottom x-axis) eruptions calculated using ERSST V4 dataset. Eruption dates are marked with triangles.

24—



992

993

994

995

-4 -3 -2 -1 0 1 2 3 4

Figure 2. Simulated surface temperature (K, shading) and surface wind stress vector (Pa, arrows) anoma-
lies with respect to the climatology (CTR-CLM), and total precipitation (mm day'l, contours) of the 10-
member control ensemble mean ENSO phases in December 1991: a) neutral ENSO (NTE), b) Central Pacific
El Nifio (CPE), c) Eastern Pacific El Nifio (EPE), and d) La Nina (LAN).
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Figure 3. Simulated a) global and b) tropical (20°S-20°N) all-sky net (down-up) shortwave radiative
forcing at the surface (W m2) calculated as a 10-member ensemble mean difference (PRT-CTR) for neutral
ENSO (NTE, black), Central Pacific El Nifio (CPE, green), Eastern Pacific El Nifio (EPE, red), and La Nifia

(LAN, blue) experiments.
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Figure 4. Same as in Figure 3 but for the surface temperature response (K).
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Figure 5. Simulated control (green dash) and perturbed (blue) Nifio 3.4 index (K) calculated using 10-
member ensemble means, and difference between them (PRT-CTR) (red) in the a) neutral ENSO (NTE), b)
Central Pacific El Nifio (CPE), c) Eastern Pacific El Nifio (EPE), and d) La Nifia (LAN) experiments. Red

shading depicts 95% confidence intervals for the ensemble mean difference.
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10-member ens mean ocean heat budget (PRT-CTR)
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Figure 7. Simulated oceanic top 50 m total temperature tendency (K/month) (red), partial contributions of
the thermocline feedback (blue), zonal advection (cyan), meridional advection (black), net energy flux (green),
and residual (white) for the time intervals: a) July-December 1991, b) January-June 1992, c¢) July-December
1992, d) January-June 1993, e) July-December 1993. Within each time interval, the 10-member ensemble
mean NTE, CPE, and EPE responses to the Pinatubo eruption (PRT-CTR) are shown. The values are inte-
grated over the narrowed Nifio3 + Nifio4 region (2°S-2°N, 160°E-90°W). Error bars show the standard error

of the mean difference.
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Figure 8. Simulated surface temperature (K, shading) and surface wind stress vector (Pa, arrows) 10-
member ensemble mean response (PRT-CTR) to the Pinatubo radiative forcing in the neutral ENSO (NTE,
a-f), Central Pacific El Nifio (CPE, g-1), and Eastern Pacific El Nifio (EPE, m-r) experiments for July-
December 1991.
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Figure 9. Comparison of simulated Nifio 3.4 indexes (K) in a single reference Eastern Pacific El Nifio real-
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Figure 10. Simulated monthly averaged surface temperature (K, shading) 50-member perturbed (PRTC{’"‘,
a-f) and control (CTR{,“", g-1) ensemble means with a perturbations calculated as anomalies with respect to
a single reference Eastern Pacific El Nifio realization (CTRy), and difference between PRT“" and CT R/*"
(m-r) for July-December 1991. Black dots indicate the areas, where the reference surface temperature is below
the 10th percentile or above the 90th percentile for the 50-member CTRZ*"* (a-f) and PRT:J"" (g-1) ensemble

distributions, and statistical significance of the surface temperature difference at the 0.05 level (m-r).
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Figure 11. Simulated oceanic top 50 m total temperature tendency (K/month) (red), partial contributions
of the thermocline feedback (blue), zonal advection (cian), meridional advection (black) and net energy flux
(green), and residual (white) for the time intervals: a) July-September 1991, b) October-December 1991.
Within each time interval, the 50-member ensemble mean Eastern Pacific El Nifio response to the Pinatubo
eruption (PRTJ“"-CTRJ¥*™) is shown. The values are integrated over the narrowed Nifio3 + Nifio4 region
(2°S-2°N, 160°E-90°W). Error bars show the standard error of the mean difference.
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